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ABSTRACT: Traceless self-immolative linkers are widely used for the reversible modification of proteins and peptides. This article
describes a new class of traceless linkers based on ortho or para-hydroxybenzylamines. The introduction of electron-donating substituents
on the aromatic core stabilizes the quinone methide intermediate, thus providing a platform for payload release that can be modulated. To
determine the extent to which the electronics affect the rate of release, we prepared a small library of hydroxybenzylamine linkers with varied
electronics in the aromatic core, resulting in half-lives ranging from 20 to 144 hours. Optimization of the linker design was carried out with
mechanistic insights from density functional theory (DFT) and the in silico design of an intramolecular trapping agent through the use of
DFT and intramolecular distortion energy calculations. This resulted in development of a faster self-immolative linker with a half-life of 4.6
hours. To demonstrate their effectiveness as traceless linkers for bioconjugation, reversible protein-polyethylene glycol (PEG) conjugates
with a model protein lysozyme were prepared, which have reduced protein activity but recover >94% activity upon traceless release of the
polymer. This new class of linkers with tunable release rates expands the traceless linkers toolbox for a variety of bioconjugation applications.

* Introduction

Protein conjugation is a versatile tool that allows for the
alteration of a protein’s stability, activity, and functionality.!
Protein-polymer conjugates are a useful application of this tool for
therapeutically relevant proteins, often resulting in an increased
stability and circulation time in vivo.>? However, the covalent
attachment of the polymer typically leads to a significant loss of
activity compared to the unmodified counterpart, and in some
cases, especially for proteins with large substrates, activity is
reduced to zero.>® To minimize such undesired effects, site-
specific conjugation techniques can be employed to ensure that
placement of the polymer is distant from the active site.® However,
this is not broadly applicable to all proteins of interest and requires
a tailor-made strategy for each protein, resulting in a significant
investment of time and resources.

As an alternative strategy to circumvent activity loss, researchers
place unstable linkages between the protein and the polymer.’
These linkages slowly reverse to return any lost activity incurred
by the presence of the attached polymer. Reversible linkages that
release native protein are deemed traceless linkers. This
conjugation strategy primarily targets either lysine or cysteine
residues, and a variety of strategies have been developed for each.®
13" Although traceless cysteine conjugation is very effective, the
necessary free and accessible cysteine is not available across all
proteins of interest. Comparatively, lysines, many of which are
accessible for covalent modification, are highly prevalent across a
wide range of proteins. !4

One common traceless lysine conjugation strategy is the
fluorenylmethoxycarbamate (Fmoc) linkage (Figure la).!!
Cleavage proceeds through a B-elimination pathway that is entirely
mediated by pH. This strategy works well for applications requiring
a slow passive release in vivo, well exemplified by
Bempegaldesleukin, a long-acting interleukin-2 PEG conjugate
that is currently in phase 3 clinical trials.!® This passive release
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Figure 1. Strategies to prepare amine-reactive traceless bioconjugates: (a)
fluorenylmethoxycarbamate (Fmoc) linker and (b) benzyl carbamate linker,
compared to (c) hydroxybenzylamine linker.

does, however, limit the amount of control over both the rate and
site of release. Conversely, the benzyl carbamate linkage (Figure
1b) is stable across a wide pH range and requires an initial
deprotection of the aniline or phenol in order to proceed through
the release mechanism.’ Taking advantage of this reactivity, one
can mask the phenol/aniline position with a diverse array of
stimuli-responsive functionalities, adding a trigger-dependent
release to the system.'® This ensures the release is confined to
locations where the stimulus is present, imparting a level of control
to the system. While these linkers are used for stimuli-responsive
release across a variety of bioconjugation applications, they are
also used as passive traceless linkers within protein-polymer
conjugation as demonstrated by Lonapegsomatropin, a long-acting



human growth hormone PEG conjugate that is currently
undergoing phase 3 clinical trials.!” Even though these strategies
have been widely adopted, there are a few limitations creating room
for further development. These include: (1) loss of the positive
charge on the lysine residues that can destabilize the protein; (2)
hydrolytic instability of carbonate precursors; and (3) high pH
conditions required for conjugations.

In order to address these limitations, we developed a class of
hydroxybenzylamine-based traceless linkers with tunable rates of
release (Figure 1c). For the carbamate linkers, loss of CO, serves
as the principal driving force for the amine release. Currently,
conjugations using benzaldehyde derivatives lack such a driving
force and are only utilized for permanent conjugations.*2!?* Yet,
inspired by recent work showing the release of drugs containing
tertiary amines and research showing the electronic effects on the
strength of benzylic bonds,'®!° we hypothesized that installing
electron rich substituents on the aromatic core would facilitate
dearomatization and stabilize the transient positive charge on the
benzylic carbon to favor the 1,6-elimination of a primary
amine.'*?~?7 Furthermore, by the choice of the functional groups
on the aryl ring, we anticipated being able to tune the rate of release.
The rate of release of the benzyl carbamate is based on the trigger
used to unmask the phenol rather than the benzyl carbamate moiety
itself, so this would be an additional advantage of the
hydroxybenzylamine-based linkers. Furthermore,
hydroxybenzylamines are conjugated to amines via reductive
aminations on lysine and the N-terminal amine, which are carried
out in an acidic to mildly basic pH solutions (Figure 1c). This
complements the basic conditions used in the preparation of the
benzyl carbamate linkers, and opens up the use of traceless linkers
for proteins with isoelectric points (pl) between 7 — 9 that are
incompatible with the carbamate conjugation conditions.
Additionally, the resulting hydroxybenzylamine conjugate retains
the positive charge on the amines, which has been shown to
minimize denaturation and aggregation incurred by a shift in the
isoelectric point and could be important for some proteins.?>?
Herein, we  describe the  development of these
hydroxybenzylamine-based traceless linkers experimentally and
computationally, as well as an example application in the field of
protein-polymer conjugation.

* Results and Discussion

Preparation and Release Studies of a Model
Hydroxybenzylamine Library. To test the hypothesis that
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electron donating groups will allow for tunable amine release, we
prepared a small library of model compounds using commercially
available benzaldehydes and measured the release of an amine
payload. The four benzaldehydes were chosen due to their varying
levels of electron-donating abilities: benzaldehyde (1, o, = 0.00 for
—H), dimethylbenzaldehyde (2, o, = -0.17 for each -Me),
dimethoxybenzaldehyde (3a, o, = -0.27 for each -OMe), and
dimethylaminobenzaldehyde (4a, o, = -0.83 for -NMe;).?® In the
case of 1, 2, and 3a, o, Hammett parameters were used, which have
been found to be a good estimate for the ortho-substituent donating
ability. These four model compounds were prepared via reductive
amination with phenethylamine, which was chosen as a surrogate
to lysine due to its low limit of detection when monitored by high-
performance liquid chromatography (HPLC) for kinetic analysis.

The release studies were carried out using a 5 mM solution of
the linker in a 1:1 mixture of methanol and Tris buffer (pH 7.4, 100
mM), where the appearance of phenethylamine was monitored via
HPLC. As expected, the unsubstituted linker 1 showed no release
over 25 days, whereas linker 2 had fully released the amine within
the same time period (ti»: 144 hours) (See SI for experimental
details). Increasing the electron donation of the substituents to the
more electron-rich methoxy groups in linker 3a resulted in faster
release (ti: 20 hours); however, further increasing the electron
density with linker 4a led to a slower release (ti2: 29 hours). First
order rate constants calculated from this plot (Figure 2b) showed
that the rate increased 6-fold between linkers 2 and 3a (1.32 x 10°¢
s! vs. 7.88 x 10 s respectively, see Figure 2a). To better
understand the mechanism of release, we prepared two additional
linkers by methylating the phenols to obtain negative controls. As
expected, this completely shut off the release for 3b. However,
linker 4b did still release phenethylamine, albeit with a 17-fold
reduction in the rate (ti2: 495 hours). This observation, along with
a decreased rate of release under more acidic conditions (See SI
page S59 for details), indicates the release pathway proceeds
through an initial deprotonation of the phenol. Presumably, linker
4b subverts the requisite deprotonation through a 1,6-elimination
pathway, proceeding through an azaquinone methide intermediate
to release the phenethylamine.

Excluding 4a, linkers 1, 2, and 3a clearly demonstrate that
increasing the electron donation of the aryl substituents leads to a
faster rate of release. The structural difference between 4a and the
other linkers could be the reason for this discrepancy; however,
previous studies have shown the 1,4-elimination rate to be similar
to that of the 1,6-elimination.? Yet, these studies were carried out
with carbamate linkages and one could envision that the ortho-
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Figure 2. (a) Library of traceless linkers prepared for model release study with experimentally determined rate constants. (b) First order plot of phenethylamine
release kinetics from the hydroxybenzylamine linker model compounds (n = 3, error bars are smaller than markers) carried out at 5 mM of linker in a 1:1

mixture of methanol and buffer (pH 7.4).



structure of this hydroxybenzylamine linker might facilitate
hydrogen bonding between the benzylic amine and the phenol. This
hydrogen bonding may affect the phenol’s participation in the
release mechanism, leading to the observed discrepancy.
Additionally, the use of the o, values for linkers 2 and 3a may not
be perfectly translatable for the ortho-substituents, which would
modify our expected trend. To investigate the reason for the
seemingly anomalous behavior of 4a, we examined the mechanism
by density functional theory (DFT) calculations for the suite of
hydroxybenzylamine linkers.

DFT and Intramolecular Distortion Energy Calculations for
Linker Optimization. Free energy profiles (Figure 3) were
calculated for the linkers beginning with an initial deprotonation
(INT1) and a subsequent loss of the methylamine (TS1) to form the
quinone methide intermediate (INT2). Interestingly, linker 2 had
the lowest TS1 energy, contradicting our initial hypothesis that the
release of the amine will correlate with the electronics on the aryl
ring. When looking at TS2, it became clear that the quenching of
the quinone methide intermediate was the rate-limiting step,
indicating that the loss of the amine (TS1) is a reversible process.
Experimentally, we observed formation of cyclic dimeric and
trimeric species as the major products during the release studies.
This suggested that the intermediate TS2 is quenched with the
phenoxide and as a result, we quenched TS2 with phenoxide in the
DFT calculations. Comparing the activation free energies (AG?) of
these three linkers (Figure 3), we observed a correlation between
the experimental AG! and the calculated AG*. We found that there
was a 0.5 kcal/mol difference between linkers 2 and 3a, which
aligns with the 1.1 kcal/mol difference we saw experimentally.
Linker 4a again deviated from the trend, showing a 0.2 kcal/mol
difference compared to 2. This discrepancy is likely due to the fact

AG (kcal/mol)

that linker 4a proceeds through both the quinone methide and
azaquinone methide intermediates, which in combination help to
lower the AG* even further. It is interesting to note the calculated
phenol pK, for linker 4a (8.5) compared to linkers 2 and 3a (7.3
and 6.3, respectively) was higher, which was caused in part by the
intramolecular hydrogen bonding. This is not, however, the
primary factor leading to the elevated activation energy of 4a.

In order to prevent the reversibility of TS1 observed across all
three linkers, we proposed that the addition of an intramolecular
trapping agent would minimize the lifetime of INT2 and therefore
limit any potential cross-reactivity. We hypothesized that the
placement of an ethanol unit ortho to the hydroxybenzylamine
would quench the quinone methide intermediate through an
intramolecular hydration, forming a bicycle. However, prior to
preparing this linker, we probed this hypothesis using DFT
calculations. Exploration began with a pendant ethanol unit
attacking the protonated quinone methide (TS2a), which was used
as a model for the quinone methide hydrogen bonding with water.
The AG? of the transition state was calculated to be 15.1 kcal/mol,
but examination of the transition state geometry showed that this
six-membered transition state was highly strained due to the
coplanarity among four of the six atoms involved (Figure 4).

To quantify this strain, intramolecular distortion energy
calculations were developed (See SI page S198 for details), which
showed a distortion energy of 12.1 kcal/mol for the ethanol arm
(Table 1). To relieve strain in the transition state, an additional
methylene unit was added to form the propanol pendant arm, which
showed a decrease in AG* by 3.1 kcal/mol and only a 1.0 kcal/mol
increase in -TAS?. This difference in AG! between the propanol and
ethanol arms can be attributed to the distortion energy (DE) of the
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Figure 3. Reaction coordinate diagram of traceless amine release calculated using the M06-2X/aug-cc-pVTZ, CPCM(Water)//B3LYP-D3/6-31+G(d,p),
CPCM(Water) level of theory. All energies are reported in units of kcal/mol (Calculated energies shown as calc in the inset, and experimental as exp). Linker
4a undergoes a 1,4 elimination rather than the schematized 1,6 elimination (schematized as 1,6 elimination for clarity).



Figure 4. TS2a structures calculated at the B3LYP-D3/6-31+G(d,p),
CPCM(Water) level of theory for entry 1 (a), entry 3 (b), and entry 5 (c)
from Table 1.

two linkers, 6.5 kcal/mol and 12.1 kcal/mol, respectively. With the
distortion partially overcome, we sought to enhance the
nucleophilicity by screening the propanethiol arm as well as the
ethyl methyl ether and propyl methyl ether arms. The addition of
the pendant methyl ether groups lowered the AG! relative to the
alcohol counterparts, with a negligible impact on the distortion
energies. Interestingly, the propanethiol pendant arm removed most
of the distortion energy, likely due to the increased C-S bond length
as compared to the C-O bond. This, in addition to the increased
nucleophilicity of the thiol, further lowered the AG* to 8.8 kcal/mol.

With the DFT calculations showing a significantly lower second
transition state, linkers Sa and Sb were synthesized (See SI for the
synthetic scheme and details). The propanol and propyl methyl
ether arms were chosen instead of the propanethiol to eliminate the
propensity for disulfide formation, which could lead to competing
side reactions in a biological setting. The release kinetics of the
resulting linkers were carried out as previously described and
linkers 5a and 5b showed roughly a 4- and 5-fold rate enhancement
compared to 4a (Figure 5), respectively. The additional electronic
donation from the alkyl substituent does not fully account for this
large of a rate enhancement. This rate enhancement between Sa and
5b can be attributed to the increased nucleophilicity of the methoxy
group compared to the alcohol, which aligns well with our DFT
calculations. In order to confirm that the intramolecular trapping
arm was in fact quenching INT2a rather than undergoing a
nucleophilic substitution reaction, linker 5S¢ (Figure 5) was
prepared as a negative control. The release kinetics of 5S¢ showed a
13-fold reduction in the rate of phenethylamine release compared
to Sb, which shows similar trend to 4b vs. 4a (17-fold reduction),
confirming that these linkers are proceeding primarily through a
quinone methide intermediate. Additionally, the successful rate
enhancement of 5a and 5b compared to 4a supports our
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Table 1. Intramolecular trapping of the quinone methide comparison.
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INT2a TS2a INT3a
Entry n X AG' (kcal/mol) DE (kcal/mol) -TAS' (kcal/mol)
1 1 OH 15.1 12.1 1.7
2 1 OMe 139 11.8 22
3 2 OH 120 6.5 2.7
4 2 OMe 10.1 6.8 29
5 2 SH 8.8 0.6 2.6

a. Transition state energies for the reaction of the pendant arm with the
protonated quinone methide calculated at the MO06-2X/aug-cc-pVTZ,
CPCM(Water)//B3LYP-D3/6-31+G(d,p), CPCM(Water) level of theory.
See SI for details on distortion energy calculations.

calculations that indicate that TS2 is the rate-determining step in
the release mechanism.

Preparation of Traceless Lysozyme-PEG Conjugates. To
demonstrate this approach as useful traceless linkers for protein
conjugation, 6, 7, and 8 (Figure 6) were synthesized (See SI for
synthesis). These three linkers were designed with varying
electronics to modulate the rate of release, along with the
incorporation of the propyl methyl ether intramolecular trapping
arm to minimize any reversibility. Masking of the phenol was
necessary to limit any unintended release during the polymer
conjugation and purification steps. Thus, for the stimuli-responsive
trigger, we chose an acetal protecting group that can be quickly
removed in acidic conditions where the hydroxybenzylamine linker
is more stable. We designed the linkers to initially undergo
reductive amination onto the protein followed by a copper-
mediated azide alkyne cycloaddition with an azide-containing PEG
species (5 kDa mPEG-N3) to afford the protein-PEG conjugates
(Figure 7). This system was designed this way in order to aid in the
characterization of the intermediates, where the modified protein
could be easily characterized via LCMS to ensure the linkers were
conjugated as intended. Lysozyme (Lyz) was chosen as the model
protein because it has 6 accessible lysine residues along with the
N-terminal amine, and the activity assay is well-established.*

Reductive amination conditions were initially screened varying
the choice of buffer, pH, concentration, and benzaldehyde
equivalence (See SI, Table on Page S59). It was found that 0.1 M
borate buffer at pH 8.0 using 3.5 equiv. of linker per amine (20
equiv. to Lyz) produced a high degree of modification (up to 5
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Figure 5. (a) Dimethylamino family of traceless linkers with and without an intramolecular trapping agent along with experimentally determined rate constants.
(b) First order plot of phenethylamine release kinetics from the hydroxybenzylamine linker model compounds (n = 3, error bars are smaller than markers)
carried out at 5 mM of linker in a 1:1 mixture of methanol and buffer (pH 7.4).
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Figure 6. Traceless linkers prepared for protein conjugation.

linkers attached after 48 h) as measured by LCMS without
deprotection of the acetal group. Additionally, lower pH that is
reported to favor modification at the N-terminus over the lysine
residues was found to preferentially produce a single amine
modification.’! Unsurprisingly, under more acidic conditions the
cyclic acetal groups were unstable and in turn allowed for the self-
immolative release, decreasing the conjugation efficiency. The
choice of an alternative masking agent on the phenol that is stable
to the acidic conditions would likely increase the efficiency of the
reaction at lower pH’s.

Targeting a high percent modification with an excess of 7 and 8
afforded perfunctionalized lysozyme species within 72 hours
modifying five and three amines, respectively. however, reaction
with 6 proved to be quite sluggish and only one amine was modified
over 72 hours. Attempts to increase the degree of modification with
6, including the addition of catalytic aniline and elevated
temperatures, were employed, yet full conversion to the
monofunctionalized lysozyme was never observed.’> This
decreased reactivity is likely due to the increased steric bulk around
the benzaldehyde and the increased hydrophobicity compared to 7
and 8, which in turn decreased the rate of imine formation relative
to the competing benzaldehyde reduction.

Therefore, the two lysozyme-linker conjugates were carried
forward, and the copper mediated azide-alkyne cycloaddition was
undertaken using previously reported conditions to form the
mPEG-linker-Lyz conjugates.’ The copper-click conjugation to
mPEG-N; was complete within 12 hours. Interestingly, Lyz-7
formed multi-PEGylated species, while Lyz-8 preferentially
formed the mono-PEGylated conjugate under the same conditions
(See SI for details). We believe the competing azaquinone release
mechanism reduces the stability of Lyz-8, which in turn limits the
conjugation efficiency. In order to more accurately compare the
rate of lysozyme release between the two linkers, the mono-
PEGylated lysozyme conjugates were isolated for both Lys-7 and
Lys-8 via size exclusion chromatography. These monoPEGylated
lysozyme conjugates were subsequently deprotected under acidic
conditions (pH 4.0) to remove the cyclic acetal protecting group,
prior to beginning the release assay.

Traceless Release of Lysozyme and Activity Recovery
Studies. The traceless release of Lyz was monitored from the two
deprotected mono-PEGylated lysozyme conjugates (Figure 8) in
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Figure 7. Representative stepwise protein conjugation scheme for the
preparation of traceless mPEG-7-Lyz conjugate.
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Figure 8. Traceless release of lysozyme from Lyz-mPEG conjugates in
phosphate buffer (pH 7.4) monitored via HR-LCMS. Note that each
conjugate has only 1 PEG chain attached.

phosphate buffer at pH 7.4. The kinetics were obtained by
determining the amount of free Lyz in solution using HR-LCMS,
thus ensuring that native Lyz was released. The mPEG-8-Lyz
conjugate reached 98% release within 12 days, while mPEG-7-Lyz
showed 50% release within the same time period. The trend
between the electron donation into the aromatic core and the rate of
release aligns with our model system; however, a dramatic decrease
in the rate was observed between the small molecules and protein-
polymer conjugates. This is not unexpected with a large, bulky
protein-polymer conjugate versus a small molecule probe. Yet,
importantly, the rate of release was altered just by changing the
linker design. A more detailed study of conjugation rates, versus
the numbers of polymers, the polymer structure, protein size, etc.
is currently in progress.

The lysozyme activity for each of the mPEG-Lyz conjugates was
compared before and after traceless release as a percent of the
positive control (fresh unmodified lysozyme). Lysozyme activity
was determined through the cell lysis of FITC labeled Gram-
positive Micrococcus luteus in the EnzChek lysozyme activity
assay (Figure 9). mPEG-7-Lyz showed a 28% reduction in activity
with one polymer attached that was restored to 97% upon traceless
release. Similarly, the mPEG-8-Lyz showed a 34% reduction in
activity that was restored to 94% upon release. This demonstrates
that the PEG is being removed and the lysozyme is not adversely
affected by the conjugation procedure. An increase in the PEG
molecular weight or degree of PEGylation would be expected to
further amplify the activity difference before and after traceless
release.
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100% MPEG-Lyz
m  Conjugate
80% After Release
60%

40%

% Lysozyme Activity
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mPEG-7-Lyz
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Figure 9. Lysozyme activity assay comparison between each Lyz
conjugate before (blue) and after (red) traceless release.

This work focused on the proof of concept for the design and
implementation of this new class of traceless linker. We
demonstrate the applicability of the hydroxybenzylamine linkers
for use in traceless protein-polymer conjugation using the model



protein lysozyme. Additional studies will need to be undertaken
with a range of proteins, including therapeutically relevant ones, in
order to investigate the generality of the approach. We anticipate
that further adoption into the field of stimuli-responsive, self-
immolative linkers is possible. The acetal protecting group on the
phenol was chosen as a model stimuli-responsive functional group
in this study, which could easily be replaced with other stimuli-
responsive groups to impart a stimuli-specific release in the system,
adding an additional layer of control. A site-specific trigger in
addition to the variable rate of release would allow researchers to
control the location and rate of release leading to the design of next
generation therapeutics, and these studies are underway. Stimuli-
triggered switching of protein activity has long been of interest in
biotechnology,* and the strategy has potential for applications such
as oral protein delivery,*® and targeted drug delivery, reducing off-
target effects. The results in this paper suggest that benzaldehydes
may be utilized in this context.

= Conclusions

A small library of hydroxybenzylamine linkers was prepared
with varying electron density that gave half-lives of 20 to 144
hours, or no release at all. DFT calculations and experimental
studies helped elucidate the mechanism of release, which revealed
that the loss of the amine-based payload was a reversible step.
Based on this mechanistic insight, an intramolecular trapping arm
was designed to quench the quinone methide intermediate. /n silico
design of the nucleophilic pendant arm decreased the AG* of the
quinone methide attack by 5.0 kcal/mol, which can largely be
attributed to the reduction in distortion energy of the transition
state. The benzaldehyde linkers containing these designed pendant
arms were synthesized (Sa and 5b), resulting in faster half-lives by
7 and 6 hours, respectively.

Using insights gained from the small molecule
hydroxybenzylamine kinetics experiments and DFT calculations,
benzaldehyde substrates containing the intramolecular trapping
arm and an alkyne click handle were synthesized for application in
traceless protein-PEG conjugates. Lysozyme was chosen as a
model enzyme and the conjugates were prepared through an initial
reductive amination reaction, followed by a copper-click
cycloaddition, and subsequent deprotection of the acetal to afford
the mono-PEGylated lysozyme conjugates. As expected, with the
polymer attached, the conjugates had reduced enzymatic activity
that was subsequently restored upon release of PEG. The rate of
traceless release varied between the two conjugates with half-lives
of 5 and 12 days depending on the electronics of the linker. This
modularity in the rate of release and linker design makes this new
class of traceless linkers a useful addition to the bioconjugation
toolbox.
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